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Disruption of CDK-resistant chromatin association by pRB causes DNA damage,
mitotic errors, and reduces Condensin II recruitment
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a
London Regional Cancer Program, London, Ontario, Canada; bDepartment of Biochemistry, Western University, London,
Ontario, Canada; cChildren’s Health Research Institute, London, Ontario, Canada

ABSTRACT

ARTICLE HISTORY

Organization of chromatin structure is indispensible to the maintenance of genome integrity. The
retinoblastoma tumor suppressor protein (pRB) mediates both transcriptional repression and chromatin
organization, but the independent contributions of these functions have been difﬁcult to study. Here, we
utilize a synthetic Rb1 mutant allele (F832A) that maintains pRB association at cell cycle gene promoters,
but disrupts a cyclin-dependent kinase (CDK)-resistant interaction with E2F1 to reduce occupancy of pRB
on intergenic chromatin. Reduced pRB chromatin association increases spontaneous gH2AX deposition
and aneuploidy. Our data indicates that the CDK-resistant pRB-E2F1 scaffold recruits Condensin II to major
satellite repeats to stabilize chromatin structure in interphase and mitosis through mechanisms that are
distinct from silencing of repetitive sequence expression.

Received 24 January 2017
Revised 11 May 2017
Accepted 31 May 2017

Introduction
Transitions between euchromatic and heterochromatic states
accompany higher-order folding and compaction of chromatin
to ensure proper coordination of transcription, DNA replication, and chromosome segregation. Changes to chromatin
accessibility and compaction are achieved through enzymes
that covalently modify DNA or histone tail residues, remodel
nucleosomes, or mediate topological re-arrangement of chromosome architecture.29 Changes to chromatin-organizing
enzymes through somatic mutations, epigenetic silencing, or
post-translational modiﬁcations disrupts coordinated chromatin accessibility and architecture. Misregulation of chromatin
organization establishes a state of genome instability characterized by persistent DNA damage that often precedes tumorigenesis.19 In this regard, it is not surprising that genes encoding
broad organizers of chromatin structure are often classiﬁed as
tumor suppressors or oncogenes.
In human cancer, a frequent target for disruption or
misregulation is the retinoblastoma protein (pRB).11 Primary ﬁbroblasts deﬁcient for pRB exhibit relaxed chromatin
structure,14 along with replication defects and reduced chromatin compaction in prophase and chromosome segregation
errors.9,10,21,24,25 These changes are often accompanied by
manifestations of genome instability, such as aneuploidy
and widespread DNA damage.9,25,35 However, since pRB
exerts transcriptional control over S- and M- phase cell
cycle targets through E2Fs,13,31 genetic models of pRB deﬁciency may not distinguish the mechanistic contributions of
pRB chromatin regulation from pRB-E2F transcriptional
control in the maintenance of genome integrity. Thus, the
ability to determine contributions of pRB chromatin
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organization to maintenance of genome stability requires
speciﬁc loss-of-function models that maintain E2F transcriptional control and G1-S cell cycle regulation.
To regulate chromatin structure, pRB serves as a scaffold for
several regulatory enzymes that methylate DNA, modify histone
tails, or mediate topological remodeling of nucleosomes.20
DNA-binding proteins, such as transcription factors, mediate
region-speciﬁc pRB-chromatin association.33 This recruitment is
predominantly mediated by E2F transcription factors. However,
pRB-E2F complexes dissociate at the G1-S transition in response to
cyclin-dependent kinase (CDK) phosphorylation. Recent evidence
indicates that pRB uses an alternate CDK-resistant interaction with
E2F1 to associate with repetitive elements.5,7,9,16,17 Germline disruption of this interaction abrogates EZH2-mediated facultative
heterochromatinization at repetitive elements in concert with
repeat misexpression and lymphomagenesis in mice.17 The cancer
susceptibility observed upon loss of CDK-resistant pRB-chromatin
association merits investigation into whether this pRB-E2F1 interaction might underlie other pRB-dependent activities that impact
genome integrity and cancer susceptibility.
Here, we report that disruption of pRB’s unique interaction with E2F1 causes the accumulation of gH2AX foci,
aneuploidy, increased RPA phosphorylation, and mitotic
defects. Importantly, E2F target genes involved in DNA replication and mitosis remain at normal expression levels. We
demonstrate that cells bearing an F832A mutation in Rb1
(Rb1S) exhibit impaired chromatin recruitment of the Condensin II complex speciﬁcally at genomic locations where
gH2AX accumulates. This mechanism further suggests that
chromatin organization is an indispensible facet of pRBmediated tumor suppression.

Cancer Research Labs, 790 Commissioners Rd East, London, ON N6A 4L6, Canada.
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Results
The Rb1S mutation causes defects in genome integrity
To assess the contribution of pRB-E2F1 interactions in chromatin association and its effects on genome stability, we used a
described previously mutation (F832A, called Rb1S) that disrupts
pRB’s unique C-terminal interaction with the E2F1 marked box
domain.7,9,17 Importantly, this mutation preserves interactions
between the pRB large pocket domain and the E2F transactivation domain to maintain proliferative control.17 ChIP-sequence
of pRB from wild type and Rb1S/S cells was analyzed. Alignment
of pRB ChIP-seq reads reveals locations of pRB enrichment
within repetitive elements throughout the genome and these are
lost in ChIP-seq using pRBS (Fig. 1A). Strikingly, this pattern of
repeat occupancy by pRB is relatively preserved under proliferating conditions and can be detected at major satellite repeats
using ChIP-qPCR (Fig. 1B). Conversely, pRB ChIP-qPCR demonstrates that pRBS retains occupancy at cell cycle and E2F regulated promoters, such as Pcna, at levels comparable to that of
wild type pRB (Fig. 1C).17 In addition, previous ChIP-qPCR and
ChIP-seq analysis reveals similar results at other E2F responsive
promoters.17 Therefore, in contrast to previous models of pRBdeﬁciency, the Rb1S mutation permits assessment of post-G1
pRB-chromatin regulatory activities independent of E2F cell
cycle gene association and regulation.
We investigated several broad measures of genome integrity
in Rb1S/S MEFs relative to controls. Since Rb1¡/¡ cells exhibit
aneuploidy with increasing rounds of cell division,32 we sought
to determine whether loss of pRB-chromatin association at
non-cell cycle genes could cause a similar effect. To assess cellular DNA content, proliferating and serum-starved MEFs were
stained with propidium iodide and analyzed by ﬂow cytometry.
DNA content greater than the 4N peak was quantiﬁed to determine the proportion of aneuploid cells. In accordance with previous reports, Rb1¡/¡ MEFs exhibit signiﬁcantly elevated levels
of > 4N DNA. Intriguingly, Rb1S/S MEFs also exhibit increased
levels of > 4N DNA relative to wild type MEFs under arrested
and proliferating growth conditions, albeit at levels less than
those of Rb1¡/¡ MEFs (Fig. 2A).
Another broad manifestation of genome instability observed
upon pRB loss is the emergence of gH2AX foci in ﬂuorescence
microscopy experiments. Immunoﬂuorescence revealed
increased gH2AX foci in proliferating Rb1S/S MEF cultures
comparable in magnitude to Rb1¡/¡ MEFs, with approximately
10% of nuclei displaying 5 or more foci (Fig. 2B and C).
Increased gH2AX foci together with elevated >4N DNA content in Rb1S/S cells suggests pRB-E2F1 complexes might mediate post-G1 functions. Post-G1, pRB reduces DNA damage
through mitigation of replication stress via mechanisms that
remain poorly understood.2,9,25 To explore the effects of
reduced pRB chromatin association on replication, we assessed
relative phosphorylation levels of the single-strand DNA binding protein RPA. DNA damage response kinases such as ATR
phosphorylate RPA32 on S33 to stabilize ssDNA, minimize
damage and facilitate repair.26 Western blots of whole cell
extracts reveal increased levels of RPA32 pS33 under proliferating conditions relative to arrested wild type MEFs. This

Figure 1. Disruption of pRB association with repetitive sequences. (A) Heat maps
display pRB ChIP-seq read build ups at scaled wild type peak locations. pRB read
build ups from wild type and Rb1S/S MEFs are shown for mm9 RepeatMasker index
locations under arrested and proliferating conditions. Each row contains § 0.5 kb
of ﬂanking sequence surrounding the scaled peak location. Intensity scales on right
indicate the magnitude of read enrichment over input control. (B) ChIP-qPCR
quantiﬁes pRB enrichment at major satellites in proliferating MEFs of the indicated
genotypes. (C) pRB ChIP-qPCR analyzing amplicons at the Pcna transcriptional start
site (TSS) and 2 kb 50 of Pcna. For all graphs, error bars indicate one standard deviation from the mean, and an asterisk represents a signiﬁcant difference from wild
type (n D 3, P  0.05 by t-test).
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Figure 2. Loss of genome integrity in Rb1S/(S)mutant cells. (A) MEFs stained with propidium iodide were analyzed by ﬂow cytometry for DNA content. The histogram displays gates that demarcate populations with >4N DNA content that were quantiﬁed for the indicated MEF genotypes. Error bars indicate one standard deviation from
the mean, and an asterisk represents a signiﬁcant difference from wild type compared within the same growth condition (n D 3, P 0.05 by t-test). (B) Immunoﬂuorescence microscopy of proliferating MEFs stained for gH2AX (red) and DAPI (blue). White boxes indicate regions shown at increased magniﬁcation within the inset. Scale
bars indicate relative magniﬁcation. (C) The number of gH2AX foci per nucleus was quantiﬁed and compared among 3 biological replicates per genotype using a x2 test
(Rb1C/C n D 1054, Rb1S/S n D 744, Rb1¡/¡ n D 602 total nuclei analyzed). (D) Western blots show RPA32 pSer33 levels for the indicated genotypes from arrested and proliferating MEFs. The Actin blot serves as a loading control. (E) RPA32 pSer33 and RPA32 western blots of chromatin fractions from proliferating MEFs. Histone H3 blot indicates loading.
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Figure 3. Normal expression of DNA replication targets of pRB-E2F. (A) Expression
microarrays were performed with RNA from serum-starved MEFs of the indicated
genotypes and wild type controls (n D 3). For each gene listed, corresponding
log2 values of each mutant replicate vs. wild type is shown as a heat map. (B)
Western blots indicate PCNA, Mcm3, and Mcm7 levels detected in whole-cell
extracts from arrested and proliferating MEFs. The Actin blot serves as a loading
control.

proliferation-dependent RPA32 pS33 increase appears further
elevated in Rb1S/S MEFs relative to control cells (Fig. 2D).
Strikingly, western blots of chromatin fractions revealed that
the elevated RPA32 pS33 in mutant MEFs can be detected on
chromatin at levels comparable to that of Rb1¡/¡ MEFs
(Fig. 2E). Increased RPA32 pS33 is indicative of a response to
defects that arise during DNA replication in Rb1S/S MEFs.
In pRB-deﬁcient cells, misregulation of E2F transcriptional
control of DNA replication components contributes to aneuploidy.32 However, in accordance with pRBS association with
cell cycle promoters in ChIP experiments (Fig. 1C), microarray
analysis generally revealed unchanged or diminished E2F targets involved in DNA replication in arrested Rb1S/S MEFs
(Fig. 3A). In contrast, Rb1¡/¡ MEFs exhibited increased expression of DNA replication components under the same culture
conditions (Fig. 3A). Beyond mRNA levels, western blots of
whole cell extracts conﬁrmed expression levels of DNA replication components in Rb1S/S MEFs paralleled those in wild type
MEFs under both arrested and proliferating conditions, and
contrasted with the pronounced misregulation evident upon
complete loss of pRB expression (Fig. 3B).
Collectively, these observations suggest that reduced pRBchromatin association under proliferating growth conditions
increases the frequency of events that can compromise genome
integrity. Expression analysis suggests that these effects in Rb1S/
S
MEFs are independent of E2F transcriptional control of DNA
replication genes.
Rb1S mutant cells exhibit defects in mitosis
Beyond replication, pRB maintains proper chromosome segregation through coordination of multiple mitotic processes such
as the regulation of E2F-activated spindle assembly checkpoint
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targets, and regulation of chromosome condensation and segregation.23 We investigated whether the Rb1S mutation affected
mitosis. To visualize mitotic progression, wild type, Rb1S/S, and
Rb1¡/¡ MEFs were transduced with GFP-tagged H2B using
viral delivery, and subjected them to live-cell video microscopy.
Analysis of Rb1S/S cells revealed a marked defect in chromosome organization that frequently preceded defective chromosome congression at metaphase (Fig. 4A and B). We next
analyzed mitotic chromosome segregation. During anaphase,
pRB-deﬁcient cells exhibit elevated levels of chromosome
bridges. Indeed, Rb1S/S, and Rb1¡/¡ MEFs both exhibit signiﬁcant increases in chromosome bridges relative to wild type cells
(Fig. 4C and D). Figure 4E shows examples of normal chromosome segregation and cytokinesis observed by video microscopy in wild type MEFs. These microscopy experiments
revealed numerous chromosome segregation defects present in
Rb1S/S MEFs, such as partial segregation of chromosomes, missegregation of all chromosomes to one daughter before cytokinesis, or failure of cytokinesis leading to binucleated cells
(Fig. 4E). Ultimately, the majority of mitotic Rb1S/S and Rb1¡/¡
MEFs fail to faithfully segregate duplicated chromosomes to
their daughter cells, while over 90% of wild type MEFs displayed proper mitotic progression in this assay (Fig. 4F).
Curiously, chromosome missegregation describes the majority
of segregation defects present in Rb1S/S MEFs, while Rb1¡/¡
MEFs predominantly fail to undergo proper cytokinesis
(Fig. 4F).
Mitotic errors such as chromosome bridges and missegregation events contribute to the generation of micronuclei.15 To
determine whether mitotic errors in Rb1S/S cells were associated
with the accumulation of micronuclei, MEFs were ﬁxed and
stained with DAPI for ﬂuorescence-based visualization.
Quantiﬁcation of micronuclei revealed a signiﬁcant increase in
Rb1S/S cells relative to wild type (Fig. 4G and H). This increase
was marginally less than the magnitude of micronuclei present
in Rb1¡/¡ cells (Fig. 4H).
We next assessed whether misregulation of E2F mitotic target gene expression might underlie the mitotic errors observed
upon reduction of pRB-chromatin association. Akin to DNA
replication components, microarray analysis revealed normal
expression of E2F mitotic checkpoint targets in Rb1S/S MEFs
that contrasted with the misexpression observed in Rb1¡/¡
MEFs (Fig. 5A). Western blots of whole cell extracts conﬁrmed
that expression levels of mitotic checkpoint proteins in Rb1S/S
MEFs resembled expression levels observed in wild type ﬁbroblasts. Accordingly, Rb1¡/¡ cells exhibit misexpression of E2F
mitotic checkpoint targets at the protein level (Fig. 5B). Overall,
lack of mitotic checkpoint misexpression in the presence of
mitotic errors suggests that pRB-chromatin association facilitates mitotic progression independently of E2F transcriptional
control.
pRB-E2F1 recruits Condensin II to major satellites
to mitigate DNA damage
In light of the post-G1 defects apparent upon diminished pRBS
chromatin association, we sought to identify a pRB-dependent
mechanism that could link increased gH2AX, increased RPA32
pS33, and mitotic defects observed in Rb1S/S cells. Since pRB
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Figure 4. Defective mitosis in Rb1S/(S)mutant cells. Mitosis was investigated by video microscopy using MEFs transduced with H2B-GFP (Rb1C/C n D 19, Rb1S/S n D 15,
Rb1¡/¡ n D 11). Proportions of mitotic errors were compared using a x2 test with signiﬁcant differences indicated by an asterisk, while N.S. denotes comparisons that
were not signiﬁcantly different. Scale bars indicate relative magniﬁcation for all images. (A) Merged images of phase-contrast and GFP channels display examples of normal and defective chromosome congression in metaphase. (B) Quantitation of the frequency of congression errors observed per genotype. (C) Merged images of phasecontrast and GFP channels distinguish a normal anaphase cell from a cell that exhibits a chromosome bridge. (D) Quantitation of the frequency of chromosome bridges
observed per genotype. (E) Merged images of phase-contrast and GFP channels to demonstrate examples of defective chromosome segregation and cytokinesis observed
by video microscopy. (F) Quantitation of defective segregation events observed per genotype. (G) Fluorescence microscopy of proliferating MEFs stained with DAPI (blue).
White arrows demark examples of micronuclei while scale bars indicate relative magniﬁcation. (I) Quantitation of micronuclei visualized by immunoﬂuorescence microscopy. Error bars indicate one standard deviation from the mean, and an asterisk represents a signiﬁcant difference from wild type (P  0.05 by t-test, n D 3).
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Rb1S/S cells (Fig. 6H and I). This indicates that only speciﬁc
genomic locations accumulate gH2AX in response to the Rb1S
mutation rather than all repeat locations occupied and regulated by pRB. Overall, site-speciﬁc gH2AX accumulation at
locations of pRB-Condensin II loss in Rb1S/S MEFs suggests
that the CDK-resistant pRB-E2F1 complex mediates Condensin
II recruitment to pericentromeric repeats to support genome
integrity. Loss of this recruitment event is associated with the
onset of DNA damage and mitotic errors that are prevalent in
Rb1S/S MEFs, and the contributions of this mechanism to cancer susceptibility in Rb1S/S mice is likely signiﬁcant.

Discussion
Figure 5. Proper regulation of mitotic pRB-E2F target genes. (A) Expression microarrays were performed with RNA from serum-starved MEFs of the indicated genotypes and wild type controls (n D 3). For each gene listed, corresponding log2
values of each mutant replicate vs. wild type is shown as a heat map. (B) Western
blots indicate BubR1, Mad2, and Cdk1 levels detected in whole-cell extracts from
proliferating MEFs. The Actin blot serves as a loading control.

serves as a recruitment factor for numerous chromatin regulators including Condensin II,9,10,21 we investigated its recruitment to sites of gH2AX deposition. First, to determine whether
Condensin II exhibited sensitivity to diminished pRB-chromatin association, we assessed the expression of Condensin II
subunits. Western blots of whole cell extracts from arrested
and proliferating MEFs revealed no differences in CAP-D3 and
SMC2 expression in mutant cells relative to wild type controls
(Fig. 6A). We next assessed whether the Rb1S mutation affected
Condensin II recruitment to chromatin. Western blots of chromatin fractions revealed that relative to the arrested state, both
CAP-D3 and SMC2 exhibited increased chromatin loading in
proliferating wild type MEFs. Notably, this proliferationdependent increase in Condensin II chromatin loading is
diminished in Rb1S/S cells (Fig. 6B). We then explored whether
reduced Condensin II loading on chromatin in mutant cells
was due to a direct pRB-mediated recruitment mechanism.
ChIP for CAPD3 at pericentric major satellite repeats reveals
reduced occupancy in Rb1S/S MEFs relative to wild type levels
(Fig. 4C). ChIP for CAP-D3 followed by ChIP for pRB
conﬁrms that CAP-D3 localizes with pRB to pericentric major
satellite repeats in wild type MEFs (Fig. 4D). The reciprocal
ChIP-reChIP experiment recapitulates this trend (Fig. 4E).
Finally ChIP-reChIP reveals signiﬁcantly reduced CAPH2-pRB co-recruitment to major satellites in Rb1S/S MEFs,
consistent with the global reduction of Condensin II loading
observed in chromatin fractions (Fig. 4F).
Condensin II-mediated regulation of replication and chromosome condensation requires chromatin loading. We hypothesized that genomic locations of pRB-dependent Condensin II
association, such as pericentric repeats, would be particularly
sensitive to accumulation of gH2AX upon reduction of Condensin II recruitment. ChIP-qPCR demonstrates a relative
increase in gH2AX at major satellite repeats in proliferating
Rb1S/S MEFs, while gH2AX levels in wild type MEFs do not
exceed background levels (Fig. 6G). By comparison, gH2AX
ChIP-qPCR experiments demonstrated that DNA damage is
not increased at LINE1 or endogenous retroviral repeats in

The original null alleles of Rb1 in mice revealed that it was
indispensable to the maintenance of genome integrity.38
However, deregulation of E2F cell cycle targets concurrent with
loss of genome stability hindered the ability to assess whether
pRB could maintain genome integrity independent of E2F transcriptional control. Here, we used a synthetic Rb1 mutant allele
that maintains pRB association at E2F cell cycle targets, but
reduces overall pRB-chromatin association at intergenic
regions.17 We demonstrate that cells from these mice possess
inherently unstable genomes characterized by markers of DNA
damage, replication abnormalities, and aneuploidy.
Elevated RPA32 pS33 in Rb1S/S chromatin is suggestive of
DNA replication defects. pRB-E2F1-dependent Condensin II
recruitment prevents many features that are characteristic of
‘under replication’ of pericentric repeats.9,12,22 It remains to be
explored whether the pRB-E2F1 scaffold underlies other pRB
interactions with replication components that may also contribute to spontaneous DNA damage. pRB restricts DNA replication initiation and progression through its interaction with
Mcm7 and its ability to suppress DNA polymerase a and Ctf4
recruitment to replisomes.3 It has also been shown that pRB
associates with Orc1 at replication origins.1,27 Finally, pRB can
displace PCNA to halt progression of the replication fork.4 If
the pRB-E2F1 scaffold mediates these interactions, it is possible
that they also contribute to RPA32 pS33 and gH2AX at pericentric repeats.
We note a signiﬁcant failure of Rb1S/S cells to condense
chromosomes that precedes numerous chromosome segregation defects. These defects parallel mitotic errors observed in
other models that are deﬁcient for pRB-Condensin II recruitment to chromatin.10,21,24 Collectively, these data suggest that
pRB-E2F1 forms a scaffold to permit Condensin II interaction
with the pRB LxCxE binding cleft. Despite characterization of
chromatin recruitment, mechanistic details of pRB-Condensin
II association remain poorly understood. However, these phenotypes and the ensuing lymphoma in Rb1S/S mice has intriguing similarities to recent studies examining a hypomorphic
CAP-H2 mutant mouse strain (called Nessy),36 as well as lymphomas from E2f1¡/¡ mice.37 E2f1¡/¡ mice frequently succumb
to follicular B-lymphomas evident in the mesenteric lymph
node and this is a common ﬁnding in Rb1S/S mice.17,37 Nessy,
or Caph2I15N mutant mice, have lineage-speciﬁc delayed anaphase entry that manifests as aneuploid CD4C/lo;CD8C;CD71C
thymic T-cells that develop into lymphomas in adult animals.36
It will be interesting to understand the subtle differences in
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Figure 6. Recruitment of CAP-D3 by pRB mitigates DNA damage at pericentromeric major satellite repeats. (A) Western blots of whole-cell extracts from arrested and proliferating MEFs were used to determine CAP-D3 and SMC2 levels. The Actin blot serves as a loading control. (B) CAP-D3 and SMC2 western blots of chromatin fractions.
Coomassie-stained histones serve as a loading control. (C) CAP-D3 ChIP-qPCR performed using chromatin from proliferating MEFs and quantiﬁed at major satellite repeats.
(D) CAP-D3-pRB ChIP-reChIP performed using chromatin from proliferating MEFs was quantiﬁed at major satellite repeats by qPCR. (E) pRB-CAP-D3 ChIP-reChIP performed
as described for Figure 6D, but with a reciprocal order of ChIPs. (F) CAP-H2-pRB ChIP-reChIP performed as described for Figure 6D. (G) gH2AX ChIP-qPCR was performed
using chromatin from proliferating MEFs and quantiﬁed at pericentromeric major satellite repeats and normalized to IgG ChIP performed in parallel from the same chromatin preparation. ((H)and I) gH2AX ChIP-qPCR from Figure 6G quantiﬁed at L1 50 UTRs and IAP LTRs. For all graphs, error bars indicate one standard deviation from the
mean, and an asterisk represents a signiﬁcant difference from wild type (n D 3, P  0.05 by t-test).

tissue tropism between the Rb1S/S and Nessy mice, although
other pRB-E2F1 containing complexes recruited to chromatin
likely underlie some of these differences.
Our observations contribute to a growing body of literature
that challenges classiﬁcation of pRB as ‘inactive’ beyond entry
into S-phase. In addition to Condensin II, the pRB-E2F1

scaffold also recruits EZH2 to repetitive elements in cycling
cells.17 We envision that disruption of both complexes likely
contributes to the cancer phenotype in Rb1S/S mice. First, loss
of Condensin II recruitment and instability phenotypes are
found in Rb1 mutant mice with defective LxCxE interactions
(Rb1L), but this defect is insufﬁcient to trigger cancer on its

CELL CYCLE

own.9 In this study we show that instability phenotypes found
in Rb1S/S cells are most attributable to defects in Condensin II
recruitment as gH2AX accumulates preferentially in pRBE2F1-Condensin II locations, yet Rb1S/S mice are cancer
prone. An important difference between Rb1S/S and Rb1L/L
mutant mice is repeat misexpression that predominantly
occurs in the spleens of Rb1S/S mice where the majority of
tumors arise. Based on this reasoning, we expect that loss of
both pRB-E2F1-Condensin II and pRB-E2F1-EZH2 complexes caused by the F832A mutation are both necessary to
cause the cancer phenotype observed in Rb1S/S mice.
Collectively, this body of work further emphasizes the multifunctionality of pRB and how its disparate activities work
together to underlie its tumor suppressor role.
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Detection of RNA and protein levels
RNA levels were determined by Affymetrix Mouse Gene 1.0
Array as described previously using total RNA from serum
starved P4 MEFs.8,17 Log2 values of mutant/wild type expression determined with Partek Genomics Suite were plotted as
heat maps using matrix to PNG at chibi.ubc.ca/matrix. Array
CEL ﬁles are available at GSE85640 and GSE54924. To assess
protein levels, whole-cell lysates and chromatin fractions were
generated as described previously,17 resolved by SDS-PAGE,
and immunoblotted using the following antibodies: RPA32
(A300–244A, Bethyl laboratories), RPA32 pSer33 (A300–246A,
Bethyl laboratories), H3, (ab1791, Abcam), Actin (A2066,
Sigma), PCNA (F-2 Santa Cruz), Mcm3 (4012S, Cell Signaling),
Mcm7 (H-5, Santa Cruz), BubR1 (C-20, Santa Cruz), Cdk1
(ab7953 abcam), Mad2 (C-19, Santa Cruz), CAP-D3,10 SMC2.9

Experimental procedures
Cell culture

Chromatin immunoprecipitation and ChIP-seq analysis

Gene targeted mouse strains bearing a null allele of Rb1
(Rb1tm1Tyj) and an F832A point mutation to disrupt pRB’s
unique interaction with E2F1 (Rb1S, or Rb1tm3Fad) have been
described previously.17,18 Primary murine embryonic ﬁbroblasts (MEFs) were isolated and cultured from E13.5 embryos
of the desired genotypes according to established procedures.34
All experiments were performed on passage 4 (P4) MEFs from
at least 3 different embryo isolates.

Chromatin immunoprecipitation experiments and analyses
were conducted as described previously.17 Brieﬂy, crosslinked chromatin fragments were pre-cleared with protein
G Dynabeads for immunoprecipitation with ChIP antibodies. Cross-links were reversed at 65 C followed by DNA
isolation. For ChIP-reChIP experiments, crosslinks were
maintained following the ﬁrst immunoprecipitation. Protein-DNA complexes were eluted, and subjected to a second immunoprecipitation with a different antibody. DNA
was isolated as described for single-IP ChIP. deepTools
was used to generate heat maps depicting ChIP-seq read
enrichment at wild type peak locations. bamCompare was
used to normalize ChIP to input reads, then computeMatrix was used to determine read enrichment at wild type
repeat peak intersects with the mm9 RepeatMasker index
from UCSC Table Browser. heatMapper was used to plot
enrichment per peak location.30 Reads are available at
GSE85640. ChIP antibodies used were anti-phospho histone H2A.X Ser139 (07–164, Millipore), anti-CAP-D3,10
anti-CAP-H2 (A302–275A, Bethyl laboratories) and a
described previously cocktail of pRB antibodies.8 ChIPqPCR Primer sources have been described previously.8,17
Sequences 5- to 30 are as follows: PCNA_E2F_F CAGAGTAAGCTGTACCAAGGAGAC, PCNA_E2F_R CGTTCCT
CTTAGAGTAGCTCTCATC, PCNA_-2kb_F CATCAGTGAATACGTCTCTGTTCCA, PCNA_-2kb_R CTGCTTCT
CAGTTGTTTTAGGAAGG, Maj_F GACGACTTGAAAA
ATGACGAAATC, Maj_R CATATTCCAGGTCCTTCAGT
GTGC, L1 50 UTR_F CTGCCTTGCAAGAAGAGAGC, L1
50 UTR_R AGTGCTGCGTTCTGATGATG, IAP LTR_F C
TGACAGCTGTGTTCTAAGTGGTAAACAAA, IAP LT
R_R AGAACACCACAGACCAGAATCTTCTGC

Fluorescence microscopy
Immunoﬂuorescence was conducted as described previously.9
Brieﬂy, 2.5 £ 105 MEFs were seeded per confocal dish, incubated 24h, washed 3x for 5 minutes in 1x PBS, ﬁxed by incubation with 4% paraformaldehyde in 1x PBS for 10 minutes at
room temperature, then washed and stored at 4 C. To immunostain, cells were permeabilized for 10 minutes with 0.3% Triton X-100 in 1xPBS (PBS-T), blocked for 1 hour at room
temperature with 5% goat serum in PBS-T, incubated one hour
with mouse anti-Phospho histone H2A.X Ser139 (05–636,
Millipore) diluted 1:400 in PBS-T, washed, and incubated one
hour in goat anti-mouse Alexa Fluor 594 secondary antibody
diluted 1:800 in PBS-T. Cells were washed 3x for 5 minutes
with PBS-T, then incubated 5 minutes with DAPI in PBS-T.
Stained MEFs were washed 3x with PBS-T, twice with 1x PBS,
then mounted with a coverslip using SlowFadeÒ Gold antifade
reagent (S36937, Life Technologies). Fluorescence was visualized using an Olympus Fluoview FV1000 confocal microscope
system, with images compiled using Olympus Fluoview
FV1000 Viewer. gH2AX foci were quantiﬁed using the focinator program28 with ﬁxed thresholds and parameters maintained
across all groups in a given experiment.

Video microscopy
Flow cytometry
Asynchronous or serum starved MEFs were ethanol-ﬁxed,
stained with propidium iodide, treated with RNase, strained,
and analyzed by ﬂow cytometry on a Beckman-Coulter EPICS
XL-MCL.6

Video microscopy was conducted as described previously.10
Brieﬂy, MEFs infected with ecotropic retroviruses carrying
pBABE-H2B-GFP packaged in Bosc23 cells were plated into
glass-bottom tissue culture dishes in phenol-free DMEM with
5% FBS, penicillin, streptomycin, and glutamine. Cells were

1438

C. A. ISHAK ET AL.

maintained at 37 C with 5% CO2 as phase-contrast and ﬂuorescent images were captured every 3 minutes for 15 hours by a
DMI 6000b Leica microscope. Images were assembled into
movies using Velocity, and analyzed for mitotic errors.
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